Dissimilar alloys such as 2024-T3 Al alloy and AZ31 Mg alloy of plates in 3 mm thickness has been friction stir butt welded. The welding was carried out at a constant rotation speed of 2500 min À1 and welding speeds of 200, 300, 400 and 550 mm/min. Effects of welding speeds on microstructures and hardness distributions of the joints were investigated. Distribution of phases in the stir zone (SZ) was analyzed by a scanning electron microscope (SEM) equipped with an energy dispersive X-ray spectroscopy (EDS).
Introduction
Dissimilar joints between aluminum and magnesium alloys would be required in the future for transportation application to increase the possibilities for flexible design and get the benefits from each material in a functional way. Formation of brittle intermetallic compounds such as Al 2 Mg 3 , Al 12 Mg 17 and Al 30 Mg 23 has long inhibited the use of fusion welding processes for joining these dissimilar joints. 1) Over the last decade, friction stir welding (FSW) has offered excellent welding quality to the joining of similar aluminum 2, 3) and magnesium alloys. 4) FSW is a solid state welding process which was invented at The Welding Institute (UK) in 1991, 5) and has been applied to lots of commercial production in a number of applications. 5, 6) FSW joint is known to generally possess four zones such as intensively deformed zone called stir zone (SZ), thermomechanically affected zone (TMAZ), heat affected zone (HAZ), and non-affected base metal (BM). 7) Concerning FSW of dissimilar joints between aluminum to magnesium alloys, there is no information about dissimilar joining of 2024 aluminum alloy to AZ31 magnesium alloy; although a number of studies reported on dissimilar joining between other aluminum alloys and AZ31 magnesium alloy. [8] [9] [10] [11] [12] According to these studies, Al 12 Mg 17 intermetallic compound also formed in the weld zone as a result of constitutional melting due to higher temperature achieved during FSW. Since Al 12 Mg 17 phase formed at a lower temperature such as 733 K, it would be rather difficult to avoid the formation of intermetallic compound in the SZ during FSW.
Although, some intermetallic phases such as Al 3 Mg 2 and Al 12 Mg 17 were formed in SZ, Hirano et al. 11) and R. Zettler 12) obtained a high quality dissimilar FSW joints of aluminum and magnesium alloys. Their result encourages the possibility of applying FSW to the jointing of dissimilar aluminum to magnesium alloys. The present study aims to investigate the effect of welding speed on microstructure and hardness distribution in dissimilar FSW joints of 2024-T3 aluminum and AZ31 magnesium alloys.
Experimental Procedures
Dissimilar 2024-T3 aluminum alloy and AZ31 magnesium alloy of 3 mm thick plates were friction stir butt welded using a tool made of a tool steel (SKD61). The welding tool is composed of 12 mm diameter shoulder and 4 mm diameter threaded probe. Figure 1 shows the schematic illustration of the tool. The tool axis was tilted by 3 degrees backward with respect to the vertical axis. After fixing (clamping) the specimens on a rigid back plate of the FWS machine, the FSW tool was slowly pushed into the abutting surfaces of specimens to a 3 mm plunge depth. The probe depth and its vertical accurate position were controlled manually by using vertical computerized motor instead of the vertical force because of the limitation of the facility of FSW welding machine. The probe depth was constant for all joints. The chemical composition of base metals is listed in Table 1 . Rotation speed was kept constant at 2500 min À1 and welding speeds were set at 200, 300, 400 and 550 mm/min. 2024-T3 aluminum alloy plate was located on the advancing side. Changing the fixed location of two alloys led to failure in the dissimilar FSW joints. The chemical composition of base Fig. 1 Specimens for macro and micro-structural observations were machined from the welded plates. The observation was performed on a cross-section in the weld region after mechanical polishing using emery papers (up to grade # 4000) followed by polishing using an oil suspension containing diamond particles with 0.25 mm in diameter. Firstly, surface of specimens was chemically etched by an etchant containing 1 gm picric acid, 33 mL ethanol (95%), 2.5 mL acetic acid and 5 mL H 2 O, then 2024-T3 aluminum side was etched by a swabbing method using cotton containing Keller's reagent (1 mL HF, 1.5 mL HCl, 2.5 mL HNO 3 , and 95 mL H 2 O). Microstructure of the weld joints was observed with an optical microscope. The distributions of the constituents of two base alloys in SZ was analyzed by a scanning electron microscope (SEM) equipped with an energy dispersive X-ray spectroscopy (EDS).
Microhardness measurement was carried out along a midthick line on the cross section that is transversal to the welding direction with an internal spacing of 0.5 mm under a constant load of 0.98 N for 15 s of loading time. Figure 2 shows macroscopic appearances of the crosssection of the dissimilar joints produced at different welding speeds. 2024 Al alloy and AZ31 Mg alloy were set on the advancing and retreating sides, respectively. All joints are free from defects such as porosity and tunnel like pores, while kissing bond was observed in the bottom region for all welding speeds.
Results and Discussion

Macrostructure of joints
The SZ comprises of three regions with different contrast such as grey, dark grey and bright. As shown in Fig. 2 (a), (b) the bright region tended to exist mainly in SZ on the retreating side, while middle portion of SZ near the advancing side is occupied by grey or dark grey regions. Increasing welding speed more than 300 mm/min changed the location of bright contrast region structure to the lower portion of SZ near the bottom surface as shown in Fig. 2(c) and (d). Also, increasing welding speed more then 300 mm/ min brought about the change in location of the grey and dark grey regions to the upper portion of SZ beneath the tool shoulder as shown in (c) and (d). The bright and dark grey regions corresponded to 2024-T3 Al alloy and AZ31 Mg alloy, respectively while grey region corresponding to a mixture of them. The position changes of these structures in SZ may be attributed to the alternation of metal flow that depends on the welding speed. Since Mg alloys have inferior formability to Al alloys, increasing welding speed or decreasing heat input makes Mg alloy related region less mobile around the probe, and eventually the region come to concentrate in the hotter region which locates under the tool shoulder.
The nugget decreased its size and became rounder shape with higher welding speed. A lamellar-like bands where either 2024 Al alloy related region or AZ31 Mg alloy is lying one on another. This laminated structure is observed in SZ near the boundary between SZ and TMAZ of 2024 Al alloy on the advancing side. Formation of the laminated structure near 2024 Al alloy side occurred more frequently than Mg alloy side, and this may be attributed to the relation between welding direction and tangential component of rotation of the welding tool. The directions of welding and rotation are the same on the advancing side, while they are in opposite on the retreating side. Thus steeper gradient of plastic strain caused by the severer deformation in addition to the different deformability of Al alloy than Mg alloy resulted in the formation of laminated structure on the advancing side.
These macrostructural features in nugget suggest that welding speed should be on important factor affecting the evolution process of microstructure in dissimilar joints produced by FSW. Figure 3 represents an example of typical microstructures observed in the joint welded at a welding speed of 400 mm/ min, which corresponds to locations in Fig. 2(c) . The microstructure of 2024 Al alloy BM is shown in Fig. 3(a) , representing elongated grains along the rolling direction with a random distribution of second phase particles recognized as small black particles. The compositions of these particles were reported as CuMgAl 2 , Cu 2 MnAl 20 , and Cu 2 FeAl 7 .
Microstructure of joints
13)
These grains with several hundred microns long and approximately 40-70 mm wide are lying along the transversal direction that is normal to the welding direction. Figure 3(b) represents a microstructure of TMAZ and laminated bands in SZ on the advancing side of 2024 Al alloy. The grain size in TMAZ is almost the same as that in BM and the grains were bended by about 45 degrees indicating the severe plastic deformation in this region. However, no recrystallization occurred in this region. On the other hand, there is a sharp transition between the laminated bands in which Al or Mg alloy strips in the vortex and swirl penetrates into each other. Figure 3 (c) shows a microstructure of SZ where grey and slightly dark grey regions are observed. The grey region consists of grains with irregular shape. This region includes some small fragments probably coming from Mg alloy side where fine grain structure is represented in the right part of Fig. 3(c) . The slightly dark grey region in the left part of Fig. 3(c) consists of equiaxed grains with much smaller size compared to those in BMs on both sides. The size of recrystallized grains in this area ranges from 3 to 6.7 mm, and these grains belong to AZ31 Mg alloy. are also equiaxed and recrystallized having a size equal to that in the SZ. This results is consistent with the report by N. Afrin 14) on similar FSW of Mg alloy. These features in microstructure are considered to be different from the cases of other similar FSW of Mg alloys 15, 16) as well as most of the Al alloys where the TMAZ was characterized by bended and Figure 4 shows a result of SEM-EDS analysis for the joint welded at 550 mm/min. Three regions such as grey, slightly dark grey and dark grey having clearly different contrasts are observed by a back-scattered electron image (BEI) as shown in Fig. 4(a) . The slightly dark grey and dark grey regions concentrated in the upper region of SZ. The corresponding Xray images of Al-K and Mg-K are shown in (b) and (c), respectively. As shown in Fig. 4(b) , Al is enriched in the lower region of SZ suggesting that this region is occupied by 2024 Al alloy. The brighter region in Fig. 4(c) at upper region of SZ was abundant of Mg while the darker ones were mainly rich with Mg. This result indicates that the region in the upper region of SZ is occupied by AZ31 Mg alloy. Table 2 summarizes the results of EDS quantitative analysis for the mother and main alloying constituents such as Al, Mg, Cu, Zn and Mn in the two alloys. The measurement was carried out at several locations having different contrasts as indicated in Fig. 4(a) . The mass percentages of Mg and Al at the positions 1, 3, 6, 9, and 10 were almost corresponding to the intermetallic compounds of Al 2 Mg 3 or Al 12 Mg 17 12) observed in the SZ. These positions are located in the microstructure having irregular shape which is shown in the upper region of Fig. 3(b) . The positions 2, 8 and 11 were almost corresponding to 2024 Al alloy which is represented in brighter regions of Fig. 2 . The concentrations of Mg and Zn at the positions 4, 5, 7 and 12 were close to those of AZ31 Mg alloy.
EDS analysis of joints
The effect of welding speed on the microstructure of weld joints is a heterogeneous distribution of elements in SZ. This could be attributed to the insufficient welding time required for completing diffusion of alloying elements in SZ. In addition, the results of SEM-EDS analysis clearly suggest that a localized region in SZ experienced constitutional liquation or melting during FSW which upon cooling solidifies to produce the intermetallic compound in SZ. This is consistent with the previous studies 9, 10, 12) on FSW of dissimilar joints between other Al alloys and AZ31Mg alloy. The temperature in the SZ for all welding speeds might be higher than the melting points of eutectic reaction (733 K) occurred between Al and Mg in the binary phase diagram. On the other hand, increasing welding speed has a significant influence on the hardness distribution in HAZ and TMAZ of 2024 Al alloy side but is less effective for AZ31 Mg alloy side. This is directly related to the fact that 2024-T3 Al alloy is age hardening alloy which is affected by 
Hardness of joints
